+ T cells remains the major challenge of cancer immunotherapy. Knowing how and when the T cell response expands and differentiates after antigen stimulation would make a significant contribution to the development of tumor vaccines. In the current study, we used CFSE-based cell sorting and cDNA microarray to identify the gene expression profile of adjacent generations of T cells after PHA stimulation. Early-divided generations of T cells responded to stimulation by activating cell cycle and surviving gene pathways, while late generations of T cells had more dramatic changes in transcription of cytokine genes. Reconstruction of biochemical pathways, activated in both early and late generations of T cells, also confirmed the impact of division in focal-adhesion kinases. Because most tumors are infiltrated by lymphocytes, our studies indicate a novel approach to identify 'systemic biological responses' of T cells, which could determine the design, and optimization of effective tumor vaccines.
Introduction
Studies in previous years have focused on the identification and characterization of tumor antigens recognized by T cells.
Among these tumor antigens, some consist of tumor proteins, which are present at low levels in healthy tissue, such as HER-2 and Folate receptor · (1,2). The processes of malignant transformation and metastasis coincide with increased amounts of these proteins. The increased amount of these proteins apparently coincides with the presence of CD8 + cells, which recognize peptides from these proteins. The CD8
+ cells, present in malignant effusions, become activated by culture in the presence of IL-2, and mediate lysis of autologous tumors (3) (4) (5) . Such cells are also present in healthy individuals (4, 5) . These results raise the novel hypothesis that immunity to cancer is induced in vivo by self-vaccination. Administration of a peptide HER-2 vaccine to cancer patients at high risk of metastasis resulted in at least 9-to 11-month delays in occurrence of metastasis in the vaccinated group compared with the nonvaccinated patients (6) . In contrast, in patients with progressive disease dominated by an increased level of the prostate specific antigen, the same vaccine was insufficient to delay disease recurrence (7) .
These findings together raise the need for characterization of the immune response potential of the T cells in an individual, before and after cancer vaccination. The potential of T cells to respond to antigen will indicate whether a cancer vaccine is expected to function as intended or not. Therefore it is important to elucidate which responses should be considered as indicators of activation.
The response of a T cell to a stimulus is characterized by cell division followed by differentiation (8, 9) . Cell division results in several successive generations of daughter cells, while differentiation is characterized by activation of transcription of cytokine genes (8) . Cell division precedes expression of cytokine genes. Transcription products of cytokine genes are in general detectable after 2-3 divisions (10) . The presence of cytokines in the activation environment polarizes the T cell response towards a type 1, 2, T regulatory phenotype or T-inflammatory phenotype (11) (12) (13) . A large amount of work has been recently performed in characterization of the transcriptional profile of T cells from various sources after stimulation with antigen and cytokines (14) (15) (16) .
To identify the activation potential and the early-activated genes in T cells, in this study, we re-examined this question using microarray technologies. We also hypothesized that the gene-pathways of activated T cells interact, and the responses are 'global' rather than associated with restricted specific pathways of differentiation. Expression of the transcripts of the genes encoding effector cytokine molecules (IFN-Á, perforin, granzyme) in lymphocytes associated with tumor cells only indicate that a response to the tumor exists. It does not however indicate that this response can expand to proliferation of T cells at re-activation with antigen/tumor Ag. Less differentiated T cells will expand and complete their differentiation program while more differentiated cells will die by T cell receptorinduced apoptosis. If this hypothesis is correct then the transcriptional profile of T cells should change with the cell division. In this case genes other than the ones encoding for cytokines and effectorproteases will be activated first. Furthermore T cells expressing such functional signatures will die at re-stimulation. The response to vaccine will recapitulate division and differentiation of new generations of naïve T cells.
Materials and methods
Reagents and technical support. RNA extraction kits were obtained from Qiagen (Valencia, CA). Carboxy-fluorescein acetate (CFSE) was obtained from Invitrogen (Carlsbad, CA) and stored in aliquots at 4˚C. Phytohaemagglutinin (PHA) obtained from Gibco (Carlsbad, CA), was reconstituted at 1 mg/ml and stored frozen in aliquots. The RNA samples were separately analyzed by the Genomics Core Resource in MD Anderson Cancer Center and Agilent Technologies, Inc. (Palo Alto, CA). The Onto analysis software programs for microarrays were available online at http://vortex.cs.wayne. edu/ontoexpress/ (17).
CFSE labeling and PHA stimulation. Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-centrifugation and resuspended in PBS. PBMC were suspended in CFSE solution of 5 μM. After 10-min incubation, unincorporated CFSE was washed out by dilution in PBS, followed by centrifugation (18) . CFSE-labeled lymphocytes were suspended into RPMI culture media containing 10% FCS. PHA (5 μg/ml) was added per 1x10 5 CFSE-labeled lymphocytes. Lymphocytes were analyzed by flow cytometry for 4 consecutive days to verify their division (Fig. 1) . Sterile flow-cytometry sorting was performed for separation of different generations of T cells, at Baylor College of Medicine, based on the dilution of CFSE (Fig. 2) .
RNA isolation and gene chip hybridization. We used TRIzol reagent for isolation of total RNA from cultured cells (1 ml of TRIzol per 5-10x10 6 cells), followed by chloroform/isopropyl alcohol precipitation of RNA. All the above procedures were performed in an RNase-free environment. Total RNA isolated using TRIzol was further purified using the Qiagen RNeasy cleanup procedure. The A260/A280 ratio was at least 1.9 for purified RNA. The quality of RNA was also assessed by agarose gel electrophoresis, in which the 28S band was 2-fold more intense than the 18S ribosomal RNA band. The RNA preparation was free from genomic DNA contamination.
RNAs from activated generation 1 and undivided T cells were analyzed using chips available from the Genomics Core Resource in MD Anderson Cancer Center (19) . RNAs from activated generation 4 and generation 3 T cells were handled as follows: starting from total RNA, the cDNA synthesis was conducted with Cy3 and Cy5 fluorescence modified nucleotides being introduced inside, according to the manufacturer's (Agilent Technologies, Inc.) specifications with corresponding dye swaps. Both overnight hybridization and wash protocols were strictly followed for acquiring useful data.
Analysis of microarray results. The variability of the measurements was estimated using replicate spotting for each gene transcript on the array. When comparing the two channels, The smooth curves that estimate the within-channel standard deviation of the values of the two channels, were pooled to produce a single curve estimating the standard deviation (™) across the entire array, The smoothed t-statistic was computed as t-score = [log (b) -log (a)] divided by standard deviation (™), for each gene transcript. We selected the differentially expressed genes using a cut-off of t-score of 3.0. The smoothed t-score value is an estimate of the log ratio of gene expression levels between samples that have been re-scaled to account for the observed variability between the two determinations for each transcript.
To refine the gene expression profiles of divided T lymphocytes we used the Agilent Human 1 cDNA microarrays (G4100A) (20) . These chips contain 12,814 unique clones. After hybridization, the Agilent gene chips were scanned by an Agilent DNA microarray scanner into the TIF (Tag Image File) format, analyzed with Feature Extraction Software version 5.1.1 (Agilent Technologies, Inc.), which uses the LOWESS (locally weighed linear regression curve fit) normalization method. The background signals were subtracted and the expression values of individual genes were obtained as the log ratio of the dye-normalized red (Cy 5) and dye-normalized green (Cy 3) channel signals. By comparing plots showing the results of designed array versus its dye-swap hybridization array, statistically significant (p<0.01) data points in both hybridizations were identified based on their individual fold increase between the two generations. Transcripts that indicated unchanged gene expression (p>0.01) and discordant results in two dye-swapped chips (having a positive slope in plot comparison) were not taken into consideration.
To better characterize the functionally-related genes which showed different expression levels between the two pairs of generations of T cells (1 versus 0, and 4 versus 3), we used the Onto-Express program (21, 22) to research the following functional categories: biological processes, cellular roles, and molecular functions. Data were inputted with the Binomial distribution and Bonferonni correction. To construct gene pathways as graphical representations of gene interactions, the software performed searches based on the inputted information in the KEGG (Kyoto Encyclopedia of Genes and Genomes) database. The Onto-Pathway Express program (17) was also utilized to identify the biologically meaningful increase/decrease in gene transcription. The data were analyzed with hyper-geometric distribution, the probability model best suited to calculate the significance values (23) and a p value threshold of 0.05. The basic rank criterion considered was the impact factor. The impact factor considers the number of significantly different expressed genes, normalized fold change of the genes and their perturbation factors on the pathway, which 'reflect the relative importance of each differentially regulated gene'.
Results
Mitogen stimulation induced different rates of division of cells of different sizes. CFSE as a fluorescent dye binds to DNA and is diluted through cell divisions. 
We first determined the Cy3 to Cy5 ratio for each microarray spot. Ratios >6.7 were considered significant. Details in Materials and methods.
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We first determined the Cy3 to Cy5 ratio for each microarray spot. Ratios <0.17 were considered significant. Details in Materials and methods.
- ---------------------------------------------------------------------------------------------------- gated according to the position of the peaks and separated by sorting in cells in division 0, 1, 3 and 4, respectively. Cells in division 2 were not selected to avoid contamination of cells in division 1 and 3. For cell sorting gates were placed in the middle of the peak to avoid contamination (Fig. 2) . Differentially expressed genes between pairs of generations of activated T lymphocytes. We found that a number of genes were up-and down-regulated. The magnitude of the transcriptional response was different between activated generation 1 and undivided T cells by PHA (Tables I and II) . The significantly different levels of expression of activated genes were defined based on fold increase in the expression levels of the corresponding mRNAs. Because the MDACC chips showed higher Table III . Genes of increased expression between T cells divided 4 times and 3 times. 
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activation of transcription, we used the 6.74-fold increase and 0.05-fold increase as cut-off values. We found 100 activated genes from a total of 1824 genes. Comparison of the transcript levels from cells in the first division and undivided T cells revealed that genes related with cell cycle and survival were dramatically up-regulated, such as Cyclin D1 (fold increase: 25.17), BCL2L1 (12.79), CDK2 (0.10), BAK1 (0.09), TNFSF4 (0.16). This illustrated that T cells activate early more genes associated with cell division and survival.
The Agilent chips identified 1325 genes differently expressed in generation 4 compared with generation 3 (Fig. 3) . To select significantly activated genes, we used a 3-fold increase and a 20-fold decrease in the amount of transcribed products as cut-off values (Tables III and IV) . Up-regulation and down-regulation of gene expression following division indicated that daughter cells expressed higher levels of the genes associated with translation, such as ribosomal proteins. Significant up-regulation of expression of genes involved in Table IV . Genes of decreased expression between T cells divided 4 times and 3 times. 
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programmed cell death (PCD5) and cytolysis (granzyme) was also observed.
Mitogen activation induced distinct gene ontology profiles in divided T cells.
To ascertain whether the different levels of expression of the gene transcripts associate with the activation of functional genes in specific processes we performed clustering analysis. Table V shows the gene transcripts expressed in generation 4 versus generation 3: 275 genes were important in molecular function, 183 genes were involved in binding/cell adhesion, and 114 genes were involved in catalytic processes, while 267 genes were involved in biological processes. The results confirmed the activation of translation and of cellular metabolism of later generations of T cells.
Less activated genes were identified by clustering analysis, when generation 1 of divided was compared with undivided T cells (Table V) . Significant differences (p<0.05) were observed only in genes involved in protein binding and nucleotide synthesis and transport. It is possible that differences resulted from different designs of the chips, i.e. from the different probes in each chip. However it is also possible that stronger specific gene activation occurs in later divisions. Cells which divided once activated a large number of genes although there was less specificity in the activated pathways.
Mitogen stimulation activated different signaling pathways in early-and late-divided cells.
To identify the impact of mitogen stimulation in biological processes, the impact factors were determined for each activated pathway.
Between generation 1 and undivided T cells, mitogen stimulation had the strongest impact on the focal adhesion pathway (impact factor 327.39) and the least impact on the cytokine-cytokine receptor interaction pathway (impact factor 68.71). Similar results were obtained with generation 4 and 3 stimulated T cells (focal adhesion impact factor 34.77). The least activated pathway was the Notch signaling (impact factor Table V. Identified gene clusters among differentially expressed genes between dividing T cells. (Table VI) . Therefore although we used different chips, the increase in the impact factor was similar between the least affected and the most affected pathway (5.22-vs. 10.9-fold.)
The focal adhesion (FA) pathway is an example of precise and efficient coordination of signaling events (24) , which connects the extracellular environment with intracellular signaling and protein function. Connection is made through transmembrane integrin-receptors and cytoskeletal components. Different conditions of ECM, of type of integrin, and of cellular environment result in different responses of the FA. The focal adhesion kinase (FAK) and paxillin are the main components of focal adhesion complex, induced by Rho (Ras homolog)-family members Fac and CDC42. Integrin signaling uses as a second intracellular messenger system tyrosine and serine/ threonine kinases, and corresponding phosphatases. This pathway signals bi-directionally (25, 26) .
Between generation 1 and undivided T cells, the MAPK signaling pathway had the most activated genes (12 genes compared with 10 genes of the focal adhesion pathway). Ten genes were found in the focal adhesion pathway as differentially expressed, either up-or down-regulated (Table VII) . They included CyclinD1, ITGB, Bcl-2, PKC, MAPK, and c-JUN. Cyclin D is the cell cycle protein. Bcl-2 and Bcl-xL are the main pro-survival molecules, which are activated after mitogen, antigen and/or cytokine activation of lymphcytes. c-Jun can bind DNA and regulate transcription. It is also notable that the anti-apoptotic pathway is strongly activated, showing that early generations of divided T cells have better survival ability than the later generations.
It is interesting that JAK-STAT and TGF-ß signaling pathway are found to be activated when comparing generations 4 and 3. The comparison also indicated that the cytokinecytokine receptor interaction pathway had the most affected genes. Therefore the least activated pathway in division 1 had the most activated genes in division 4. There were 10 genes activated in this pathway compared with 5 genes activated in the focal adhesion pathway. Activated genes of the focal adhesion pathway consisted of integrin ß-chain (ITGB), filamin, integrin-linked kinases (ILK), VAV, and Caveolin.
Filamin belongs to the transmembrane integrin family, involved in ECM signaling (27) . ITGB mediates various interactions. Localization of ITGB isoforms affects myotubule morphology and myogenesis. Tyrosine-phosphorylated caveolin can interact with FA proteins by FAK, affecting cell motility and directional control (28) . Intracellular serine/ threonine integrin-linked kinases (ILK) are one of the convergence points of integrin-and growth factor-signaling pathways. The small adaptor protein, vav, couples tyrosine kinase signals with the activation of the Rho/rac GTPases, thus leading to cell differentiation and/or proliferation.
Therefore the activated genes were different in the cells which divided once compared with cells which divided 4 times. The results indicate that the identification of the affected pathway is not sufficient for definition of a T cell response, but all factors should be considered in defining a global response to activation (Table VII) . Table VI . Impacted pathways in T lymphocytes by mitogen stimulation identified by the Onto-Pathway Express program. Table VII . Impacted focal adherent pathway components in T lymphocytes by mitogen stimulation 
Therefore responses at the first division consisted of activation of the genes controlling adhesion, cell division, and responses to extracellular signals, while responses at the fourth division consisted of activation of cytokine receptor signaling as we expected.
Discussion
We identified novel differences in gene expression profiles from divided generation 1 compared with undivided and from generation 4 compared with generation 3, of T lymphocytes. The transcription profiles of generation 0 and 1 T cells have more genes activated in surviving and proliferation, while generation 4 and 3 T cells have more in cytokine signaling and cell function. We identified activated gene pathways, which are affected quantitatively and qualitatively when T cells are activated by mitogen. In both generations of T cells, the FA pathway is the most activated, while early generations of T cells have activated survival pathways and later generations of T cells have activated JAK-STAT and TGF-ß signaling pathway. Our results together define functional 'signatures' of responses to PHA and indicate that a cancer immunogen should activate T cells to divide at least 4 times to expect any effector cytokine secretion.
Mitogen activated a number of genes related to signal transduction and gene transcription (Table V) . These genes, especially the pathway related genes (Table VII) , connected membrane binding, signal transduction, and metabolism. Modulation of transcription of gene expression of T cells during differentiation of effector cells was reported. Of these, transcripts encoding for CD62L, GPI-linked proteins, chemokines CCR2 and CCR5, perforin, granzyme, TCR signaling, and cytokine signaling proteins had increased expression in effector T cells. However, the conclusions of this study were obtained by comparing murine CD8 + T cells 8 days after stimulation of naïve and unstimulated T cells (29) . Hess et al (14) recently reported the kinetic profiles of gene expression of naïve CD4 + T cells after activation. Upon anti-CD3 and anti-CD28 antibody stimulation, human naïve CD4 + T cells had 196 genes with changed expression levels during the first 24 h. The genes were functionally involved in maintenance of rest status, adhesion/migration, cell cycle progression, and cytokine production. Chtanova (15) reported genes preferentially transcribed by T cells. These genes provided 'signatures' for T cell responses. For example, they differentiated Á‰ T cells from ·ß T cells by a number of genes down-regulated during activation, including genes involved in the pre-mRNA splicing process, such as transformer 2ß, suppressor of white apricot homologous 2, and pre-mRNA splicing factor 16. Mao et al (30) used PHA-stimulated lymphocytes in the presence of IL-2 to identify unknown genes and to associate them to biological processes. To identify genes specific for T cell activation, the authors examined genes co-regulated with IL-2. They found some ESTs (expressed sequence tags) that encoded previously unknown proteins involved in GTP metabolism, while others were linked to newly published cDNAs and cytokine receptor genes. In support of our conclusions, the authors found that genome scale analysis of gene transcription during T cell activation can facilitate the identification of genetic functional networks. Adarichev et al created the portrait of experimental autoimmune arthritis (31) using the same algorithm for the functional classification of genes. The authors found similar gene clusters to those in the current study. The main gene clusters were related to chemokine, cytokine, activation, inflammation and cell adhesion.
Compared with the previous studies our contribution was to connect the differentially expressed genes into a logical biological scenario. Our results refine the definition of activated T cells specifically to adjacent generation (pair generations), revealing that at the level of mRNA transcription, the metabolism of cellular components and special characteristics were changed.
The significant change between adjacent generations of T lymphocytes in our study (Table VII) showed that early generation activated T cells are resistant to apoptosis, sensitive to growth stimulation and proliferate well, as shown by the expression levels of growth factor related, Cyclin-D1 and Bcl-2. The large number of activated genes of MAPK pathway, 12 in early generations versus 3 in later generations (Table VI) , indicate the rapid and dramatic response of T cells to external stimuli. After the quick expansion, the later generations of T cells (generation 4) decrease their responses to ECM signals while increasing the motility and proliferation ability of daughter cells.
This phenomenon is interpreted as daughter T lymphocytes being well prepared to respond by effector-function when they meet a target, while rejecting other activators, e.g. Notchligands, through decreased sensitivity.
Our conclusions are supported by the activation of naïve T cells. Stimulation of TCR and of co-stimulatory molecules regulates serial transcription of genes such as those involved in the cell cycle, cytokine production and survival (29, (32) (33) (34) .
Global gene transcription profiling based on the relationship between effector molecule-expression and the number of divisions has important implications for development of cancer vaccines and prediction of the effectiveness of vaccineactivated lymphocytes associated with tumors. T cells isolated from freshly-resected tumors can proliferate in the presence of small amounts of cytokines. Cytokines induce proliferation of antigen-activated T cells ex vivo. Analysis of the transcriptional profile of cytokine, e.g. IL-2, IL-15 or IL-7-propagated T cells, undergoing several divisions can be compared with the transcriptional profile of T cells to a standard mitogen, and to several antigens which can prime or re-activate CD8 + cell proliferation in vitro. Based on this scenario, an increase in the level of granzyme B or perforin, for example, after activation with IL-2 will indicate that ex vivo activated cells are differentiated and are unlikely to expand more or they are incompletely differentiated and are likely to expand at recall with the same Ag. If the first scenario is found to be correct then it will be necessary to replace the Ag used for vaccination to select a different population of effectors.
Furthermore, the MAPK and PKC pathways are the main effector pathways of TCR-signaling. A number of transcriptional regulators, e.g. Foxp-3, are activated by ERK-signals of insufficient strength. Expression of ERK-targeted genes and of transcriptional regulators by stimulation with a tumor antigen in relation to the 'normal' stimulation levels will predict whether the vaccine will activate anti-tumor effector cells or regulatory cells (T reg ) which inhibit the inflammatory responses.
INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 18: 1127 MEDICINE 18: -1139 MEDICINE 18: , 2006 Global lymphocyte gene transcription profiling should become useful for prediction of cancer progression due to escape from immunosurveillance or establishment of tolerance. In the study of colorectal cancer metastasis, increased mRNA levels of T cell activation markers in TIL, such as IFN-Á, granzyme B, and CD45RO, were found in tumor samples and correlated with absence of signs of early metastasis invasion and increased survival (35) . Another study of gene profiling in melanoma (36) found 33 genes in the pretreatment samples to be predictive of clinical response. Of these 16 out of 33 genes were related to T cell activation, including CTL-mediated cytolysis, TGF-ß/IFN/TNF regulation, JAK/STAT pathway, as is described in the current study. For example, the expression level of INF-Á regulatory factor 2 (IRF2) was enhanced and IFN-· inducible protein 27 (IFI27) suppressed in pretreated samples that regressed completely compared with those of nonresponding patients. However, in the current study, IRF2 was up-regulated 1.2-fold and IFI27 3.2-fold in generation 4 T cells.
Our findings define a 'systemic biology approach' for identification of the responsiveness or unresponsiveness to tumor and of the immunogenicity of cancer vaccines. Prior to the easy observation of dramatic changes in surface molecules and effector cytokines, T cells respond with changes in transcription, translation and adhesion which target specific genes. Such early changes are linked temporally with changes in effector molecules. The detection of early changes in apparently unrelated genes would allow the development of better vaccines for human cancer.
